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CLEO's recent measurement of branching fraction, mean photon energy, and variance in photon energy from b→s␥ that are less than half the combined statistical and systematic errors quoted on these quantities. DOI: 10.1103/PhysRevD.68.011102 PACS number͑s͒: 13.20.He, 13.40.Hq, 13.60.Rj The branching fraction for the radiative penguin decay b →s␥ has been shown to place significant restrictions on physics beyond the standard model ͑SM͒ ͓1͔. The photon energy spectrum, in contrast, is insensitive to beyond-SM physics ͓2͔, but provides information on the b quark mass and momentum within the B meson, information useful for determining the Cabibbo-Kobayashi-Maskawa ͑CKM͒ matrix elements ͉V ub ͉ and ͉V cb ͉. Some measurements of B(b →s␥) ͓3,4͔, including the most precise one to date ͓5͔, and the best measurement of the photon energy spectrum ͓5͔ in- hadrons. To suppress the continuum background, we compute 12 event shape variables, described below, and apply loose cuts on three of them. The 12 variables are then used as inputs to a neural net. The net is trained to distinguish between signal and continuum background using Monte Carlo samples of each. Monte Carlo samples distinct from those used to train the net are used to determine that cut on the neural net output which would give the lowest upper limit on the branching fraction, should the branching fraction actually be zero, and also that cut which would allow us to see the smallest possible signal. These two cuts differ little, and we use their average. The event shape variables are calculated in two frames of reference, the lab frame and the frame of the system recoiling against the photon ͑denoted the ''primed frame''͒. Variables in the primed frame are better at rejecting initial state radiation; those in the lab frame are better at rejecting other continuum events. The 12 input variables to the neural net are ͑1͒ ͉cos tt ͉, where tt is the angle between the thrust axis of the candidate B and the thrust axis of the rest of the event, calculated in the lab frame; ͑2͒ ͉cos tt Ј͉, the same, but calculated in the primed frame; ͑3͒ the thrust of the candidate B; ͑4͒ the thrust of the rest of the event; ͑5͒ R 2 , the ratio of the second and the zeroth Fox-Wolfram ͓8͔ moments, calculated in the lab frame; ͑6͒ R 2 Ј , the same, but calculated in the primed frame; ͑7͒ ͉cosЈ͉, where Ј is the angle between the photon and the thrust axis of the rest of the event, all calculated in the primed frame; ͑8͒ and ͑9͒ energies in 20°and 30°cones about the photon direction ͑excluding the photon energy͒; ͑10͒ the ratio of two sums over particles. Both sums exclude all particles from the candidate B. The numerator sums the magnitudes of the component of momentum perpendicular to the thrust axis of the candidate B, and excludes particles within 45°of this axis. The denominator sums the magnitudes of momentum of all particles not from the candidate B. The calculation is performed in the lab frame; ͑11͒ the same, but evaluated in the primed frame; and ͑12͒ cos B , where B is the angle between the beam direction and the direction of the candidate B.
The loose cuts are R 2 Ͻ0.5, R 2 ЈϽ0.3, ͉cos tt ͉Ͻ0.8. Having obtained substantial suppression of background with the loose cuts and the cuts on the net output, our final selection is from the 2D distribution in M cand Ϫ⌬E space. We define a ''signal box'' ͉⌬E͉Ͻ84 MeV, ͉M cand ϪM B ͉Ͻ8 MeV/c 2 , which, based on Monte Carlo simulation, should contain ϳ90% of the B 
→⌺
0 p ␥ signal events. The 2D distributions in the M cand Ϫ⌬E space, on-4S resonance and below-resonance, are shown in Fig. 1 . There are 84 events on-resonance, and 43 events below resonance ͑with ϳ half the luminosity͒, leading to a background prediction of 0.6 events on and, 0.3 events below, in either sig- →⌺ 0 p ␥, with one event observed and a background of 0.6 events expected, we also have no evidence for the signal. We use the preFeldman-Cousins Particle Data Group procedure ͓9͔ for calculating upper limits. Being confident that we have not overestimated the background by more than a factor of 2, we conservatively use only half the expected background in the upper limit calculation. This gives a ''conservative 90% confidence level'' upper limit of 3.64 events. With the additional requirement that the B rest frame photon energy be greater than 2.0 GeV, the background in the large M cand -⌬E region drops to 27 events on and 15 events below, with 0.21 background events predicted for the B Ϫ →⌺ 0 p ␥ signal box. This leads to an upper limit of 3.80 events for E ␥ Ͼ2.0 GeV.
The upper limit on the branching fraction will be those upper limits on the number of signal events, divided by the number of charged B's, by the ⌳→p Ϫ branching fraction, and by the detection efficiency.
We assume equal number of charged and neutral B's, noting that a correction for this assumption can be applied at such time as the B ϩ B Ϫ to B 0 B 0 ratio in ⌼(4S) decays has been well determined. Thus, we have 9.7ϫ10 6 charged B's. We assign a Ϯ2% uncertainty to that number.
We use Monte Carlo simulation to determine the efficiency for detecting B →⌳ p ␥ will tend to be left handed. This tendency decreases the number of pions from ⌳→p Ϫ that decay against the ⌳ boost direction. Such pions are soft and more difficult to detect. Thus, SM decays will have a detection efficiency higher than that of unpolarized ⌳'s. For an upper limit, we conservatively assume un-
The efficiency as a function of ⌳p mass is shown in Fig.  2 . The sharp falloff near 3.5 GeV/c 2 is caused by the photon energy requirement, E ␥ lab Ͼ1.5 GeV. The gentler decrease from 2.4 to 3.4 GeV/c 2 is caused by the background suppression requirements. Similar results are obtained for ⌺ 0 p .
We assume a ⌳p mass distribution (⌺ 0 p mass distribution͒ given by the parton-level hadronic mass distribution ͓2,6͔ times a phase space factor P/M . P is the momentum of the ⌳ or p (⌺ 0 or p ) in the ⌳p (⌺ 0 p ) rest frame, for that value
We have also used a weighting P 3 /M , appropriate for a p-wave system.
As we are primarily interested in decays with a high energy photon, we compute the efficiency for the subset of events with B rest frame photon energy E ␥ Ͼ1.5 GeV (M ⌳p Ͻ3.5 GeV/c 2 ), and with E ␥ Ͼ2.0 GeV (M ⌳p Ͻ2.6 GeV/c 2 ). For B Ϫ →⌳p ␥, for events with E ␥ Ͼ1.5 GeV we find efficiencies of 11.6% ͑for P/M ) and 10.5% ͑for P 3 /M ); for events with E ␥ Ͼ2.0 GeV we find an efficiency of 12.4% in both cases. For the E ␥ Ͼ1. case, we conservatively use the smaller efficiency. For B Ϫ →⌺ 0 p ␥, for events with E ␥ Ͼ1.5 GeV we find efficiencies of 9.4% ͑for P/M ) and 8.2% ͑for P 3 /M ); for events with E ␥ Ͼ2.0 GeV we find an efficiency of 10.6% in both cases.
There are also systematic errors in the efficiency from uncertainty in the simulation of the detector performance ͑track-finding, photon-finding, vertex-finding, resolutions͒ and an uncertainty in the modeling of the other B. We estimate these at Ϯ8.2%.
We obtain a conservative 90% confidence level upper limit on the branching fraction by using unpolarized ⌳'s, using the P 3 /M option for the ⌳p (⌺ 0 p ) mass distribution, and then increasing the limit so obtained by 1.28 times the quadratic sum of the two remaining systematic errors, Ϯ2% from number of B's and Ϯ8.2% from detector simulation and modeling of the other B.
While our specific goal in the first search was B From these upper limits, we would like to obtain an upper limit on the branching fraction for b→s␥ leading to baryons. Our first step in this direction uses isospin considerations. The parton-level final states, sū and sd , form an isospin doublet, and the hadronization process should conserve isospin. This gives B(B
